The biological variability of the northwestern Arabian Sea during the 1979 southwest monsoon has been investigated by the synthesis of satellite ocean color remote sensing with analysis of in situ hydrographic and meteorological data sets and the results of wind-driven modeling of upper ocean circulation. The phytoplankton bloom in the northwestern Arabian Sea peaked during AugustSeptember, extended from the Oman coast to about 65øE, and lagged the development of open-sea upwelling by at least 1 month. In total, the pigment distributions, hydrographic data, and model results all suggest that the bloom was driven by spatially distinct upward nutrient fluxes to the euphotic zone forced by the physical processes of coastal upwelling and offshore Ekman pumping. Within this study the 1979 southwest monsoon phytoplankton bloom is conceived to result from physical processes that act to inject nutrients into the euphotic zone. The physical processes assessed are vertical mixing, coastal upwelling, the offshore advection of water upwelled along the Arabian coast, and Ekman pumping driven by the curl of the wind stress. Following the observation of Molinari et al.
INTRODUCTION
Ship-based observations of phytoplankton blooms are limited by their spatial and temporal variability. Ocean color shifts from blue to green with increasing concentration of phytoplankton pigments, and coastal zone color scanner (CZCS) sensor measurements of ocean color can provide quantitative estimates of near-surface phytoplankton pigment concentrations. The pigments of relevance to remote sensing are chlorophyll a and phaeophytin a, and remote sensing of the sum of these pigments is an index of phytoplankton biomass.
Aside from the capacity to globally map the concentration of chlorophyll a in the world's oceans, satellite ocean color images have great utility in studies of the major physical and chemical processes that act to drive marine biological activity at the most basic level. The coupling of visible-band ocean remote sensing with concurrent ancillary wind and hydrographic data in multidisciplinary studies holds great promise for increasing understanding of the marine biological pump [Brewer et al., 1986; Moore and Bolin, 1986; McClain et al., 1990] . Various schemes can relate phytoplankton biomass to primary productivity and the development of such models is an active area of research [Esaias, 1980; Yentsch, 1983; Platt and Sathyendranath, 1988] .
The purpose of this paper is to examine the relations between wind-driven ocean circulation and oceanic phytoplankton blooms in the northwestern Arabian Sea, a classic region for atmospheric forcing of upper ocean circulation [Wyrtki, 1973] . The primary objectives are to describe the A series of studies by Findlater [1969a Findlater [ , b, 1974 both chlorophyll a and zooplankton biomass. The variation of the primary biological productivity of the Indian Ocean with the annual monsoon cycle was studied by Kabanova [1968] using data collected by a number of expeditions from 1959 to 1965. Kabanova [1968] produced maps of primary productivity in the photosynthetic layer for both winter and summer. These show strong seasonal changes within the Arabian Sea. During the northeast monsoon productivity in the northwestern Arabian Sea is less than 0.1 g C/m2/d. During the southwest monsoon, euphotic zone primary production rises above 1.1 g C/m2/d over all of the northwestern Arabian Sea. Krey [1973] provided a qualitative summary of the association of the larger phytoplankton found in the northwestern Arabian Sea, and listed diatoms, dinoflagellates, and blue-green algae as dominant.
METHODS
The data sets used in this study are coastal zone color scanner images for 1979, the 1000-mbar FGGE wind fields, NOAA Climate Analysis Center (CAC) sea surface temperature (SST) data, Levitus [1982] mixed-layer depth fields, and NOAA National Ocean Data Center (NODC) expendable bathythermograph (XBT) profiles (Table 1) .
A total of 35 CZCS images acquired during May through September of 1979 were processed to depict surface pigment concentration at 4-km spatial resolution within 10 ø to 27øN and 50 ø to 67øE (Figure 3) . The SEAPAK software package developed and implemented at NASA Goddard Space Flight Center (GSFC) was used for all CZCS processing operations. SEAPAK is a comprehensive satellite image analysis system oriented specifically toward the processing of CZCS and AVHRR imagery and ancillary environmental data [Darzi et al., 1989] •ngstr6m exponents used in processing the CZCS data set were obtained using the "clear water" radiance concept High aerosol radiance due to an abundance of atmospheric dust, as well as strong sensor electronic overshoot [Mueller, 1988] or "ringing" downscan of boundaries between highly reflective desert land or clouds and ocean, presented imaging problems in the study region, and necessitated the development of specialized correction procedures. A level 1, band 4 threshold set at grey level 254 was used to avoid processing pixels with saturated 670-nm radiances. Also, following a study of the occurrence of sensor ringing in the level 1 CZCS data set, a procedure was developed to recognize rapid grey level changes along individual scan lines in band 4 and to flag a number of subsequent downscan pixels in the level 2 image as invalid. The threshold used for the bright side of the edge was 210 counts, the brightness change threshold was 10 grey levels, and the number of downscan pixels flagged was set to 4 [Brock et al., 1990] .
The branching, two-channel bio-optical algorithm of Gordon et al. The model is driven by objectively analyzed ship winds for 1979. The ship winds are converted to a pseudostress, which is defined as the wind velocity vector multiplied by its magnitude, (u, v)lwl, where (u, v) is the vector wind velocity and Iwl is its magnitude. They are objectively analyzed onto a 1 ø by 1 ø latitude-longitude grid as described by Leglet et al. [1989] . These wind data are interpolated in space to the model grid using the natural bicubic spline interpolant and in time using a simple linear interpolant. We assume that each monthly mean represents the value at the middle of the respective month and interpolate linearly between them to obtain pseudostress data at the model time step of 30 min. We convert the pseudostress fields to wind stress using (2) with a constant drag coefficient equal to Phytoplankton pigment means were obtained for selected subregions within the early and late phase composites (Figure 3) . In addition to a subregion coveting the central Gulf of Oman, two subregions were defined based on the July monthly mean surface wind stress curl chart of Hastenrath and Lamb [1979] . This chart depicts strong cyclonic wind stress north of a southwest to northeast trending boundary about 500 km off Arabia, with anticyclonic stress to the south. The pigment means obtained for the two subregions defined by July mean positive and negative wind stress curl and those for the Gulf of Oman subregion outline the phytoplankton biomass changes that occur in response to the southwest monsoon (Table 2) 
Levitus Mixed-Layer Depth Fields
The mixed-layer depth distributions shown in the May and June climatologies [Levitus, 1982] 
DISCUSSION

Vertical Mixing
Extensive previous work has established that within many portions of the world ocean, vertical mixing is associated with abundant plant and animal biomass [McGowan and Hayward, 1978; Marra, 1980] . Recently, Banse and McClain [1986] observed that winter mixing of the northern Arabian Sea primarily due to surface cooling and mechanical stirring promotes enhanced algal production, raising the possibility that mechanical convection might act to enhance phytoplankton biomass during the summer monsoon. The July FGGE monthly mean wind stress field across the northwestern Arabian Sea (Plate 3) provides an indication of the relative distribution of the potential for mixing. The wind stress high beneath the Somali Jet 650 km east of the Somali coast is more than 700 km south of the core of the phytoplankton bloom seen on the CZCS late phase composite. Although the exact role of vertical mixing is uncertain, this suggests that it is not a dominant process in the stimulation of the regional bloom.
Coastal Upwelling
The Ekman model explains coastal upwelling as the consequence of the offshore transport of a wind-driven surface current due to the Coriolis effect. Within this model the balance between friction and Coriolis forces implies divergence away from the coastal boundary and upwelling [Smith, 1968] . Large gradients in the surface physical, chemical, and biological properties of the ocean are created by upwelling. The upward movement of subnutracline waters causes the intense phytoplankton blooms and dense zooplankton patches that are typical of these zones [Barber and Smith, 1981; Dugdale, 1983; Smith, 1983; Packard et al., 1984] .
Coastal upwelling in the western Arabian Sea is unique in that it is monsoon driven, occurring only in summer during the active period of the southwest monsoon [Wyrtki, 1973] 3. The bloom was driven by spatially distinct local physical processes which forced upward nutrient fluxes to the euphotic zone, i.e., coastal upwelling in the nearshore zone and Ekman pumping in the offshore region. Coastal upwelling was evident from May through September; although it produced the highest concentrations of phytoplankton, its impact was limited to over and near the continental shelf. Ekman pumping resulted in development of a broad phytoplankton bloom oceanward of the Oman shelf.
Earlier suggestions that the widespread phytoplankton bloom in the open ocean region of the northwestern
Arabian
Sea could be attributed to advection of water upwelled along the Arabian coast are not supported by our analysis.
